T he treatment of neovascular age-related macular degeneration (nAMD) has changed enormously during the past decade. Ranibizumab, an agent that binds all isoforms of vascular endothelial growth factor (VEGF), offers patients a more than 90% chance of maintenance of vision and a more than 30% chance of a significant improvement with monthly administration of the drug. 1, 2 However, the frequent injections present a substantial burden to patients and health care systems. For these reasons, different treatment regimens have been investigated with the intent of maintaining efficacy with a reduced number of injections or visits. [3] [4] [5] Studies to date have used ophthalmoscopy, visual acuity and optical coherence tomography (OCT) criteria to guide retreatment but have as yet failed to show improved effectiveness with changes in regimen. 6 There is a need to develop other markers of response to guide retreatment as well as to give additional useful information on the functional and structural changes during anti-VEGF therapy.
Multifocal electroretinography (mfERG) is a technique developed by Sutter, which allows detailed study of localized disorders affecting the outer retinal layers. 7, 8 The test gives an objective evaluation and mapping of retinal function from several retinal areas and is thought to reflect the cone-mediated responses from the photoreceptor and bipolar cells under normal test conditions. 9 Eyes with nAMD show reduced mfERG responses, 10 -12 and they remain largely unchanged during a course of photodynamic therapy. [13] [14] Observational studies have reported fairly consistent short-term improvements in mfERG after varying regimens of intravitreal bevacizumab. [15] [16] [17] [18] Little is known regarding the changes of mfERG in patients receiving ranibizumab. To the best of our knowledge, only one small case series of three subjects has been published to date. 19 We investigated the effects on mfERG of a course of monthly injections of ranibizumab for 3 months, the current standard initiation-phase regimen, in eyes with nAMD involving the foveal center. We also correlated with best corrected visual acuity and spectral domain optical coherence tomography (OCT).
METHODS
An observational, longitudinal, prospective, single-center study was conducted in the Clinical Eye Research Centre of St. Paul's Eye Unit, Royal Liverpool University Hospital, according to the tenets of the Declaration of Helsinki. The study was approved by the local research ethics committee. Inclusion criteria were (1) nAMD in first or second eyes with angiographic signs of active choroidal neovascularization (CNV) involving the foveal center (i.e., leakage in late phases of fluorescein angiogram); (2) best corrected visual acuity (BCVA) Ն35 ETDRS letters; (3) any lesion type (classic, predominantly classic, occult, minimally classic CNV, retinal angiomatous proliferation); (4) stable fixation; and (5) mentally and physically fit. Exclusion criteria were (1) any previous treatment for nAMD in the study eye; (2) spherical equivalent Ն Ϫ6 D; (3) clinical/angiographic signs of fibrosis Ն75% of the lesion; (4) no features of AMD; (5) unstable medical status (in particular cardiovascular disease which in the opinion of the investigator would preclude participation in the study); (6) amblyopia in the study eye; (7) any other ocular disease that could affect macular function in the study eye (e.g., glaucoma, diabetic retinopathy).
After a prescreening evaluation by a panel of at least three retinal specialists, the patients underwent a full ophthalmic examination, including BCVA and contrast sensitivity (CS) measurement, dilated fundus examination, OCT, color fundus photos, fluorescein and indocyanine green angiography. BCVA and CS were measured in a full refraction protocol with standardized illumination by externally accredited optometrists and recorded as letters read at 4 m on Early Treatment Diabetic Retinopathy Study (ETDRS) charts and 1 m on Pelli-Robson charts, respectively. If a patient read less than 20 letters at 4 m, then the BCVA test was performed at 1 m. Final BCVA letter score was calculated by the number of letters read at 4 m plus 30 (or letters read at 1 m). After an explanation of experimental procedures, patients who consented to join the study received a course of monthly intravitreal injections of ranibizumab for 3 months and underwent mfERG before the first injection and at weeks 1, 4, and 12. The time between diagnosis of CNV and treatment did not exceed 6 weeks. At weeks 4 and 8, the patients were studied only with OCT and a reduced visual acuity protocol, using the baseline refraction. All investigations were repeated at week 12 as performed at baseline. Study investigations at each time point are summarized in Table 1. OCT scans were all obtained with the same machine (Topcon 3D OCT-1000; Topcon Medical Systems, Inc.). Central foveal thickness (CFT) was calculated from the mean of the central subfield by the on-board software from the map generated by raster scans composed of 256 ϫ 512 (vertical ϫ horizontal) axial scans covering a 6 ϫ 6-mm region centered on the foveal center. Any segmentation errors at the internal limiting membrane and/or at the apical retinal pigment epithelium within the central foveal region (center 1 mm) were identified and corrected manually before analysis (Fig. 1) .
Stereoscopic 35°fluorescein and indocyanine green angiography were performed with a scanning laser ophthalmoscope (Heidelberg Retina Angiograph [HRA]; Heidelberg Engineering GmbH, Heidelberg, Germany).
The mfERG was recorded with a CRT monitor (Retiscan; Roland Consult, Wiesbaden, Germany) projecting stimuli from 19 segments scaled 4:1, across 43°of the field, and a red fixation cross extending to all four corners of the screen, to facilitate central fixation. We choose this pattern of stimuli to increase the amount of signal per hexagon, improving SNR (signal-to-noise ratio) per unit time. The larger hexagons (the central spot was 5.3°in diameter) also reduce reliance on central fixation which is often compromised in patients with advanced central loss of vision. Furthermore, the patients were coached for steady fixation and observed throughout the test. The stimulus from each of the 19 segments was controlled by a binary sequence (msequence). Each stimulus step comprised the presence or absence of a single frame flash (2 cd ⅐ s/m 2 ) followed by four black frames. mfERGs was recorded monocularly from each eye with DTL thread electrodes referenced to each outer canthus and a ground electrode placed at Fpz (middle of forehead). mfERGs were acquired at 2 to 200 Hz and digitally filtered between 1 and 50 Hz. The 19 responses were then averaged into three concentric rings containing 1, 6, and 12 segments (radii were 2.65°, 2.65-10.75°, and 10.75-21.75°, respectively), cursored and described by the P1 amplitude density (nV/deg 2 ) and latency (ms). The P1 amplitude was measured from N1 trough to P1 peak whereas the P1 latency was the time from the onset of the light stimulus until the P1 peak.
For statistical analysis, the Shapiro-Wilk test was used to evaluate the distribution of data. For data with normal distribution comparisons between different time points were performed with paired t-test for two time points or repeated-measures ANOVA followed by post hoc analysis for more than two time points. For data with non-normal distribution, the Wilcoxon test was used in the case of two time points 
RESULTS
Between January and October 2009, 40 subjects were screened: 18 met the inclusion-exclusion criteria and were included in the study. They were 5 men and 13 women with a mean age of 76.67 (SD Ϯ5.6; range, 64 -84) years. Classic CNV was diagnosed in three eyes, predominantly classic in one, minimally classic in one, occult in eight, and retinal angiomatous proliferation (RAP) in five. Mean BCVA at baseline was 56.72 (SD Ϯ13.96; range, 36 -79) ETDRS letters. Changes in BCVA over the 3 months are shown in Figure 2 . A statistically significant difference from baseline was noted only at week 12 (P ϭ 0.001; Friedman test followed by a multiple comparison procedure based on the Tukey-Kramer critical value).
Mean CS increased from 28.55 (SD Ϯ3.48; range, 20 -33) letters at baseline to 30.11 (SD Ϯ2.51; range, 23-33) at week 12: this difference was not statistically significant (P ϭ 0.053).
Mean CFT before treatment was 294.22 (SD Ϯ115.05; range, 141-478) m: a statistically significant reduction of CFT was observed as early as 4 weeks of therapy (P ϭ 0.03) and persisted at 8 (P ϭ 0.01) and 12 (P ϭ 0.005) weeks (repeatedmeasures ANOVA with LSD test; Fig. 3 ).
This change in CFT may at least in part explain the decrease in median spherical equivalent from 1. ; Fig. 4) . Particularly, the mean normalized P1 amplitude (i.e., P1 amplitude divided by the amplitude at baseline) for the central ring showed a progressive increase to 1.18 (SE Ϯ0.09), 1.65 (SE Ϯ0.21), and 1.87 (SE Ϯ0.33) at weeks 1, 4, and 12, respectively. No statistically significant changes were detected for the amplitude density of the second and third ring, or for the latency in any ring.
Three linear regression models were built taking into consideration the variables BCVA, mfERG response (P1 amplitude density in the central ring), and CFT observed at baseline, month 1, and month 3. Because of the reduced sample size, we set an a priori threshold of 0.0033 for the significance level (corrected with the Bonferroni formula). mfERG response showed correlation both with VA (F ϭ 22, P ϭ 0.00002; first model) and CFT (F ϭ 12.73, P ϭ 0.00078; second model). In Figure 2 . Points outside the ends of the whiskers are outliers or suspected outliers. *P ϭ 0.03, **P ϭ 0.01, ***P ϭ 0.005.
FIGURE 4.
Boxplots of P1 amplitude density at baseline (week 0) and weeks 1, 4, and 12. Details on box plot interpretation are given in Figure 2 . *P ϭ 0.01, **P ϭ 0.009. both cases, there was not a strong variation in time (F ϭ 0.96, P ϭ 0.39 for the first model; F ϭ 5.9, P ϭ 0.02 for the second model).
No significant correlation was found between VA and CFT (F ϭ 2.09, P ϭ 0.15; third model). The variation in time was not significant (F ϭ 4.35, P ϭ 0.04). Pearson's partial correlation coefficients between mfERG and VA were ϭ 0.61 with P ϭ 0.000012; between mfERG and CFT, ϭ Ϫ0.30 with P ϭ 0.027; between VA and CFT, ϭ Ϫ0.19 with P ϭ 0.17.
An example of the changes in mfERG response, OCT and VA for one patient during the course of treatment is given in Figure 5 .
Frequency distribution of changes in BCVA, CFT, and mfERG response between baseline and week 12 for all the study population are shown in Table 2 . Responses were grouped into categories taking into consideration the reproducibility of each test and/or the clinical significance of the data. 20 -22 The percentage of patients who did not experience any change was much higher when referring to BCVA (50%) than to CFT (17%) or mfERG (28%). On the other hand, patients with a definitive improvement were more evident when measuring CFT (44%) or mfERG (57%) than BCVA (28%).
One ocular adverse event was recorded: a patient on warfarin had a submacular hemorrhage after the first injection of ranibizumab.
DISCUSSION
Our study shows that mfERG significantly improves in patients with nAMD during the initiation phase of intravitreal ranibizumab treatment. P1 amplitude density of the central ring of mfERG significantly increased after the first injection and remained stable for the course of three treatments.
We recorded mfERG using a 19-segment stimulus over the central 42°diameter field. This is a deviation from ISCEV guidelines, which recommend a stimulus containing 61 or 103 elements. 23 As already mentioned in the methods, we believe that this recording protocol ensures that a good-quality trace can be recorded quickly from elderly subjects. Our recording protocol has been validated and its findings support those of others.
14,24
The mechanism of visual loss in nAMD is unclear, and the dysfunction of many different retinal cells is probably involved. The standard mfERG is largely shaped by ON and OFF-bipolar cell activity, with smaller contributions from the photoreceptor and inner retinal (e.g., amacrine and ganglion) cells. 9 The mean increase of mfERG signal we recorded in patients affected by nAMD after intravitreal injection of ranibizumab may suggest that this treatment induces a commensurate recovery in the function of one or more cell populations contributing to the genesis of this signal. However, the improvement in retinal function in our study, as shown in Table 2 , was not consistent across all eyes. In five cases, the mfERG response did not change significantly from baseline; one of those patients had a submacular hemorrhage, and two had normal baseline responses limiting the likelihood of improvement. In two there was deterioration compared with baseline. Further studies are needed to find out whether groups of delayed responders and nonresponders can be identified by mfERG.
Our results suggest that, compared with BCVA, mfERG may be more sensitive to improvements in macular function. The proportion of patients with a definitive improvement after a course of three injections of ranibizumab was twice as high when considering the mfERG response compared with BCVA (Table 2) .
At least two reasons can explain this discrepancy. First, mfERG measures the function of large retinal areas which in our study were approximately 5.3°(central) and 43.5°(peripheral) in diameter. Visual acuity in contrast only reflects the function of less than 1°of visual angle. The greater area of retina tested by the mfERG may allow the detection of changes also away from the foveal center. Second, the difference in mfERG and BCVA response may be due to the greater complexity of the pathway of the latter including its psychophysical nature.
Significant improvements in the mfERG occurred as early as week 4 and paralleled improvements in the OCT while significant improvements in BCVA only occurred by week 12 (Figs.  2, 3, and 4) . These data may suggest once more that mfERG has higher sensitivity than BCVA. However, some caution is needed in interpreting this particular finding because of the reduced protocol VA testing we used at weeks 4 and 8. We observed a median change in refractive spherical equivalent of Ϫ0.56 D between baseline and month 3. It has been demonstrated that uncorrected refractive errors as small as 0.50 D may compromise the detection of visual change, 25 whereas they usually do not affect the mfERG. 23 We found only a small improvement in CS, which did not reach statistical significance. CS in this study was measured with Pelli-Robson charts, which are low-contrast letter charts testing low spatial frequencies. These charts provide high testretest reliability, 26 but they may not be able to detect fine changes in CS in those patients with a large area of central retina compromised by the growth of the choroidal neovascularization.
Our results are in keeping with studies that have investigated mfERG in eyes receiving intravitreal bevacizumab. A recently reported similar-sized study of patients receiving a PRN bevacizumab treatment regimen showed improvements in mfERG at 1 week, persisting over 6 months of follow-up. 17 Earliest improvement occurred in central rings with improvement extending to peripheral rings in later examinations during the follow-up period. Significant improvements at 2 weeks 16 and 1 month 15, 18 have been reported by previous smaller studies after single doses of bevacizumab. One of these 15 noted a loss of effect at 3 months after the single injection.
Although the numbers were relatively small, our results suggest that there is no adverse effect on cellular function by ranibizumab as measured by mfERG, at least in the short term, with similar findings for bevacizumab. [15] [16] [17] [18] However, Pedersen et al. 17 went on to investigate safety using a full-field ERG and did detect a reduction in response at month 3, going on to speculate that this may indicate some effect on choroidal function, possibly related to drug penetration of the retina. Further studies of anti-VEGF therapies are needed to investigate this finding.
In conclusion, our results suggest that in patients with nAMD, intravitreal ranibizumab therapy is associated with an improvement in the central mfERG. These improvements are paralleled by reductions in OCT thickness and an improvement in VA. mfERG appears to be a useful tool in evaluating the changes in macular function during anti-VEGF therapy. Longer term studies are warranted to determine whether the increase of mfERG response is maintained, the influence of a PRN treatment regimen, and the general prognostic value of mfERG in predicting changes in visual acuity.
